It is important to study the distribution of host and guest molecules in organic electroluminescence materials because their distribution dramatically affects the functionalities of these materials. In order to understand this distribution, a new analysis method should be developed to obtain sub-nanometer scale information. In this regard, we used Atom Probe Tomography (APT). APT is a three-dimensional analysis technique with sub-nanometer scale resolution and is frequently used in material science and engineering. There are many reports on the analysis of inorganic materials using APT analysis, however only a few studies report the analysis of organic materials because of difficulties in the sample preparation, measurements, and the three-dimensional reconstruction of organic materials. In this study, we focused on developing a new sample preparation method and suggested the new sample preparation method for the analysis of organic materials. This new preparation method needs only a small amount of organic materials for analysis. Moreover, it is very simple and combines electrolytic polishing with the dipping method.
I. INTRODUCTION
There are many organic materials in our daily life and organic semiconductors are one of these materials. Organic semiconductors are used in a variety of electronic devices (e.g. light-emitting diodes and field-effect transistors [1, 2] ). The performance of such electronic devices with organic semiconductors is found to be nearly equivalent to those with inorganic semiconductors [3] . Some organic semiconductors have host and guest molecules, and understanding the distribution of these molecules is important to understand the performance of an electronic device [3, 4] . However, organic semiconductors are becoming smaller and more complex in accordance with recent developments in electronic devices; therefore, the methodology used for the analysis of these materials must also be on sub-nanometer scale resolution [5, 6] . Atomic Force Microscopy is known as an analytical method that can help determine the structures of a material surface at the atomic level [7] . Time-of-Flight Secondary Ion Mass Spectrometry, with cross-section processing of the sample, is known for affording three-dimensional information [8, 9] . However, this method does not afford three-dimensional information of a sample structure with sub-nanometer scale resolution. Atom Probe Tomography (APT) can also be used to obtain three-dimensional information of a sample. Although a large number of reports on APT focus on inorganic materials, only a few studies report on organic materials because of the associated challenges * This paper was presented at the 10th International Symposium on Atomic Level Characterizations for New Materials and Devices '15, Shimane Prefectural Convention Center (Kunibiki Messe), Matsue, Japan, October 25-30, 2015. † Corresponding author: y-hirai@iis.u-tokyo.ac.jp such as difficulties in sample preparation, measurements, and three dimensional reconstruction of organic materials [10] [11] [12] [13] [14] .
APT is a useful analytical tool for characterizing the three-dimensional structure of samples with subnanometer scale resolution. In APT, a needle-like tip is used in the experiment. When a high positive voltage is applied to the tip, field evaporation occurs and atoms are emitted as ions from the apex of the tip. Subsequently, the ions are accelerated by a local electrode, causing them to fly toward the detector. Elemental and three-dimensional information is then obtained using a time-of-flight mass analyzer and from the arrival position of the ions on the detector. Finally, three-dimensional images are reconstructed by using this information.
However, some problems need to be overcome before APT could be used as a feasible method for the analysis of organic materials. One problem is that tips can sometimes break under high voltages required for organic materials. This problem can be resolved to some extent by using laser assisted APT [14] [15] [16] . Although pulse voltages are not used for ionization in this method, the analyses of organic materials can be carried out. However, there are other problems with APT that disturb the analysis of organic materials, such as sample preparation methods. The dipping method is known as one of the preparation method and the studies about organic samples such as self-assembled monolayers are reported [17, 18] . Organic molecules should uniformly adhere to the apex of the carrier tip for APT. When the solution adheres to the carrier tip, the degree of adhesion depends on the affinity between the solutions and the carrier tip. Organic molecules do not always adhere to the carrier tip because of their reduced affinity for the tip. Moreover, because in the dipping method, the tip is soaked only in that solution in which molecules are dissolved, and the tip cannot be made sharper. Another problem is that the carrier tip sometimes breaks under the impact of dipping. In addition, exposure to air between the electrolytic polishing and the dipping stage can contaminate the carrier tip. The Focused Ion Beam (FIB) processing method is also used for sample preparation [19] [20] [21] . In this method, the processing of the tip is easy and a sharp tip can be obtained. However, the tip is often damaged because gallium ions are shot into the sample surface during FIB processing. Therefore, the distribution of atoms in the tip is different from the original distribution. In addition, when the targets for observation are composed of light atoms, the contamination effect becomes larger.
In this study, we propose a new sample preparation method for organic molecules that has the merits of both the dipping method and the FIB processing method. Some operations that are different from the dipping method were adopted after electrolytic polishing in the new method.
II. EXPERIMENTAL
In this study, the derivative of Tris(2-phenylpyridinnato)iridium (III) (Fig. 1) , a well-known electroluminescent Ir complex, was used. A tungsten wire of 0.1 mm diameter (purity = 99.95%, The Nilaco Corporation) was used as the carrier tip. A nickel ring (diameter = 0.8 cm), made from a nickel wire of 1.0 mm diameter (purity = 99%, The Nilaco Corporation), was used in the electrolytic polishing equipment. Electrolytic polishing was conducted by passing a tungsten wire through the nickel ring, followed by passing an electrical current through the system. A nickel wire was used as the electrode and 5% NaOH (aq) was used as the electrolyte solution. A potential of 4.4 V was applied to the electrode for the first 5 s. Then, the potential was reduced to 3.8 V and was maintained constant until the completion of electrolytic polishing. Subsequently, the dipping method was then performed by soaking the tip into the solution to compare its results with those of the new method.
In our new method, electrolytic polishing was performed at the room temperature in the same manner as the dipping method ( Fig. 2 (a) ). The carrier tip was lifted up slightly from the drop of the electrolyte held by the Ni ring (Fig. 2 (b) ). Then, about 5 µL of toluene solution was added, which floated over the electrolyte (Fig. 2  (c) ). In order to change the lifted up length (Fig. 3) , a stage was used whose height can be adjusted by making 0.1 mm increments (SIGMAKOKI CO.,LTD.). When the apex of the carrier tip was soaked in the toluene solution, the solution was pulled up by surface tension. Finally, the toluene solution was gradually evaporated, at which point the cone became narrow and broke off from constriction. The cone was defined as the shape of the toluene solution that linked the electrolyte to the apex of the carrier tip. In order to determine the optimal condition, both the concentration of the solution and the lifted up length were changed. The Ir complex utilized in this research has high probability to produce molecular ions, which reduces the number of ions detected per unit volume. Therefore, we defined the best condition in which the longest deposit length was obtained. First, the relationship between the concentration of the solution and the deposit length of the Ir complex on the apex of the tip was investigated. The concentrations of the toluene solutions used were 0.001wt%, 0.01 wt% and 0.1 wt%. Additionally, the lifted up length (Fig. 2 ) from the electrolyte was also investigated by changing the length from 0.2 mm to 0.5 mm by making 0.1 mm increments using the manual stage; the relationship between the lifted up length and the deposit length was then determined.
III. RESULTS AND DISCUSSION
The radius of the curvature of the carrier tip prepared by electrolytic polishing is of several tens of nanometers. The carrier tip is likely to break even under a very weak impact; therefore, the carrier tip should be soaked in the solution in a direction perpendicular to the solution surface. However, this is difficult to perform consistently and requires some techniques. In contrast, the new method does not need such a procedure and even unskilled technicians can easily prepare the sample. Even if the carrier tip did not break, the Ir complex did not always adhere to the apex of the tip and mainly adhered to the side of the tip when using the previously reported method (Fig. 4  (a) ). When applying the new method, the carrier tip seldom broke and the Ir complex often adhered to the apex of the carrier tip. The deposit was needle-shaped and a sufficient amount of the deposit was obtained for the analysis (Fig. 4 (b) ). When the molecules mainly adhered to the side of the carrier tip, the amount of the deposit was not sufficient for the measurement. Therefore, optimum conditions need to be determined.
The deposit lengths on the carrier tip at each concentration are shown in Fig. 5 . The results show that the deposit length was not necessarily proportional to the concentration of the solution, and a 0.01 wt% solution concentration produced the longest deposit length. When the result of the 0.1 wt% was compared with the result of a 0.001 wt%, the deposit length of the 0.1 wt% was longer than that of 0.001 wt% at the range from 0.3 mm to 0.5 mm. This result is simply derived from the amount of the Ir complex solvated in toluene. The result achieved by using the 0.01 wt% solution suggests that some parameters aside from the solution concentration affect the deposit length. Both the height of the constriction from the elec- trolyte and the length that shrinks after separation at the site of constriction are thought to affect the deposit length. When the concentration of the solution is higher, the constriction is thought to break at a higher position than that achieved with lower concentrations. This is because the surface tension weakens and the amount of the solution above the constriction decreases as the concentration of the solution increases. After the separation at the site of constriction, the apex of the deposit shrinks as toluene evaporates (Fig. 6) . The degree of the shrinking is thought to be larger with more dilute solutions. In the case of the 0.01 wt% solution, the effect of shrinking was assumed to be lesser than the effect of changing the height of the constriction. Therefore, the result achieved by using the 0.01 wt% solution was longer than that of the 0.1 wt% solution.
The deposit length of the Ir complex tended to become shorter when the lifted up length became longer at the range from 0.3 to 0.5 mm. As the lifted up length became longer, the toluene solution on the carrier tip was thought to be weakly pulled down toward the electrolyte, thereby constricting the deposit. When the apex of the carrier tip was near the surface of the electrolyte, the apex was thinly coated by the Ir complex at 0.2 mm. However, the apex of the carrier tip was considered to have been soaked in the toluene solution, causing the cone to become very small between the apex of the carrier tip and the electrolyte. Consequently, the deposit length is thought to become shorter.
In this research, the deposit length was controlled by changing two parameters: the lifted up length and the concentration of the solution used. When the concentration of the solution used was altered, the deposit lengths measured were not found to be proportional to the solution concentration value. The 0.01 wt% solution afforded the longest deposit length. In contrast, the deposit length was found to have a negative correlation with the lifted up length. The longest deposit length was obtained when the lifted up length was 0.3 mm.
IV. CONCLUSIONS
In this study, the shape of the apex of the carrier tip was not always sharp. However, the Ir complex mainly adhered to the apex of the tip and the carrier tip did not break. In order to control the shape of the deposit, the deposit length was optimized by changing both the lifted up length and the concentration of the solution used in the analysis. The deposit length was not necessarily in proportion to the concentration of the solution. When the lifted up length was increased from 0.3 to 0.5 mm, a negative correlation between the lifted up length and the deposit length was noted. These results indicate that the shape of the tips coated by the Ir complex can be controlled to some extent by adjusting the lifted up length and by changing the concentration of the solution. In this study, a new sample preparation method was developed that showed that it is possible to analyze a sample without contamination by using a Ga ion beam, which can also induce a sharp shape. The amount of the sample required for this method is very small. It is also expected that this method will enable the analysis of small quantities of organic materials. In addition, this method suggests an easy sample preparation method for APT in comparison with the FIB processing method currently used. However, since this method uses the surface tension of the solution when constriction is formed, the type of material used will have an effect on surface tension. In order to apply this methodology for the analysis of other materials, the solubility of sample in solution and the affinity of the solution for carrier tips should be considered. The process of making carrier tips is the same as for conventional electrolytic polishing; moreover, the preparation of the materials for electrolytic polishing and the voltages are also known. This information is important for the application of our method to the analysis of other materials.
